Since future astrophysics missions require space telescopes with apertures of at least 10 meters, there is a need for on-orbit assembly methods that decouple the size of the primary mirror from the choice of launch vehicle. One option is to connect the segments edgewise using mechanisms analogous to damped springs. To evaluate the feasibility of this approach, a parametric ANSYS model that calculates the mode shapes, natural frequencies, and disturbance response of such a mirror, as well as of the equivalent monolithic mirror, has been developed. This model constructs a mirror using rings of hexagonal segments that are either connected continuously along the edges (to form a monolith) or at discrete locations corresponding to the mechanism locations (to form a segmented mirror). As an example, this paper presents the case of a mirror whose segments are connected edgewise by mechanisms analogous to a set of four collocated singledegree-of-freedom damped springs. The results of a set of parameter studies suggest that such mechanisms can be used to create a 15-m segmented mirror that behaves similarly to a monolith, although fully predicting the segmented mirror performance would require incorporating measured mechanism properties into the model.
INTRODUCTION
As future astrophysics missions require space telescopes with apertures of at least 10 meters, there is a need for onorbit assembly methods that decouple the size of the primary mirror from the choice of launch vehicle. For example, answering questions about early star formation, planetary evolution, and the presence of large organic molecules in protostellar disks will require the construction of a 10-to 16-m class far-infrared to submillimeter space telescope; atmospheric extinction precludes ground-based measurements at these wavelengths, and existing space telescopes that operate in this range suffer from source confusion. [1] [2] [3] [4] Similarly, the high-contrast spectroscopy required for searching for biomarkers in the atmospheres of terrestrial-mass exoplanets in the habitable zones of nearby stars is not feasible with even a 30-m ground telescope but well within the capabilities of a 10-m space telescope. 2, 5 Although a monolithic primary may be optically ideal for these space telescopes, such a primary would be too large to fit in any current launch vehicle fairing.
While scaling the design of the James Webb Space Telescope (JWST) 6 may provide a means of packaging and deploying large segmented primaries, the maximum primary mirror diameter is still limited by the fairing constraints. To enable even larger segmented primaries, a variety of on-orbit assembly methods have been proposed, including formation flight, 7 electromagnetic formation flight, 8 and laser trapping. 9, 10 These methods treat the primary mirror as an array of free-floating segments and rely on active control to prevent collisions and maintain optical alignment. An alternative approach is to connect the segments edgewise using mechanisms analogous to damped springs. 11 In this approach, the assembly procedure consists of multiple stages. It is assumed that there exists some method of maintaining the alignment while the segments are being connected edgewise. Once the segments are connected, the spring-like mechanisms take over the function of maintaining the alignment and phasing. Depending upon the mechanism parameters, it may be possible to form a passively stable segmented primary mirror that behaves similarly to an equivalently shaped monolith.
To evaluate the feasibility of this approach, a parametric ANSYS model that calculates the mode shapes, natural frequencies, and disturbance response of such a mirror, as well as of the equivalent monolithic mirror, has been developed. This model constructs a mirror using rings of hexagonal segments that are either connected continuously along the edges (to form a monolith) or at discrete locations corresponding to the mechanism locations (to form a segmented mirror). The details of the model construction and assumptions are presented in Section 2. As an example, this paper presents the case of a mirror whose segments are connected edgewise by mechanisms analogous to a set of four collocated single-degree-of-freedom damped springs, such as flux-pinning mechanisms. 11 A series of parameter studies is presented in Section 3 and discussed in Section 4, with conclusions offered in Section 5.
MODEL CONSTRUCTION AND CAPABILITIES

Model geometry, connectivity, and assumptions
To investigate the behavior of a mirror whose segments are connected edgewise by mechanisms analogous to damped springs, a parametric ANSYS model has been developed. This model constructs a mirror using hexagonal segments and a set of geometric parameters that includes the mirror diameter, the size of the gap between the segments, the number of rings, the mirror curvature, and the aspect ratio. The choice of a segmented mirror or its equivalent monolith determines the segment connectivity, as shown in Figure 1 . Figure 1 . The ANSYS model generates a mirror using hexagonal segments, and the only difference between a segmented mirror or its equivalent monolith is the segment connectivity. For a monolith, as shown on the left, there is no gap between the segments, and the edges of adjacent segments are connected continuously. For a segmented mirror, as shown on the right, the edges of adjacent segments are connected at discrete locations by sets of damped spring elements. The inset offers a closer view of the connections between three adjacent segments.
For a monolithic mirror, there is no gap between the segments, and the edges of adjacent segments are connected continuously by merging the nodes. For a segmented mirror, the edges of adjacent segments are connected at discrete locations that correspond to the mechanism locations.
As an example, this paper considers the case of a segmented mirror whose segments are connected edgewise by flux-pinning mechanisms. 11 The mechanism model assumes that all of the important dynamics can be captured by a set of four collocated single-degree-of-freedom damped spring elements. Since flux pinning is twice as stiff for motions perpendicular to the magnet-superconductor interface as it is for motions parallel to the interface, 12, 13 three of the damped springs correspond to translations parallel and perpendicular to the segment edges, with the spring constant for perpendicular translation, k ⊥ , set to twice the spring constant for parallel translation, k || . The coordinate axes for each set of spring elements are also chosen to correspond to the directions parallel and perpendicular to the segment edges, as shown in Figure 2 . For each set of spring elements, the nodal coordinates are rotated such that the x-axis is parallel to the segment edge and the y-axis is perpendicular to the segment edge.
The fourth damped spring corresponds to bending. It is assumed that the rotational spring constants for an individual mechanism are negligible, and the bending spring constant, k θ x , is approximated using k ⊥ and the mechanism placement. Currently, the bending spring contains an implicit substructure model: for each segment edge, there are two parallel rows of mechanisms separated by a distance d/2, with one row along the x-axis as shown in Figure 3 . Figure 3 . Since the mechanism model assumes that the rotational spring constants for an individual mechanism are negligible, multiple rows of mechanisms are required to produce the bending stiffness. In this example, there are two rows of mechanisms along the edges of each segment. The circled mechanism pairs are used to determine the bending stiffness for the corresponding spring element.
For this substructure model, the bending spring constant is approximately
assuming small motions. For consistency, k ⊥ and k || are doubled to account for the two rows of springs. Finally, the case of infinitely stiff springs is considered by using the CERIG command 14 for each pair of nodes that define a set of spring elements. A sample segmented mirror is shown in Figure 4 . 
Mirror supports
While the problem of segmented mirror mount design is beyond the scope of this paper, the mirror must be mounted in order to evaluate its disturbance response. Currently, the ANSYS model contains two mirror support options: the entire mirror is either kinematically mounted at three edge nodes spaced by 120°, as shown in Figure 5 , or entirely unsupported. Figure 5 . The kinematic support option in the ANSYS model places constraints at three edge nodes spaced by 120º. One of these nodes is constrained in one degree of freedom, while the other nodes are constrained in two and three degrees of freedom, respectively.
These options are sufficient for comparing the behavior of a mirror with edgewise-connected segments to the behavior of its equivalent monolith. Additional support options will be added in the future as needs arise.
PARAMETER STUDIES
Using the ANSYS model, a series of parameter studies was run to evaluate the effects of the properties and discrete nature of the flux-pinning mechanisms on the mode shapes, natural frequencies, and disturbance response of a segmented mirror. The specific studies and their results are given below.
Continuous vs. discrete connectivity
When mirror segments are connected edgewise with discrete mechanisms, such as the proposed flux-pinning mechanism, the properties of the mechanism alone do not completely determine the mode shapes and natural frequencies; replacing the continuous connectivity of a monolithic mirror with discrete connections also has an effect. To separate this effect from the effects of the mechanism, the mechanism was made infinitely stiff using the CERIG command.
14 Then, the mode shapes and natural frequencies were calculated. The mode shapes for a sample segmented mirror and its equivalent monolith are shown in Figure 6 , and the examination of the natural frequencies is deferred until Sections 3.2 and 4.1. Figure 6 . The figure on the left shows the first mode shape for a monolithic mirror, while the figure on the right shows the first mode shape for a segmented mirror whose segments are discretely connected edgewise. The curved contours across the monolith indicate that the entire mirror bends as a unit, while the straight lines across the segments in the segmented mirror indicate that the segments move as individual rigid bodies.
Natural frequency design charts
To examine how the properties of the discrete flux-pinning mechanism affect the first natural frequency, a series of parameter studies was performed. For these studies, a 15-m mirror with one ring of segments was used, with the aspect ratio varying from 80 to 120. Along a segment edge, the number of flux-pinning mechanisms on a row varied from 3 to 8, with the bending stiffness varying from 1% to 200% of the approximate plate constant. (The approximate plate constant, the bending stiffness of a circular plate with the same thickness and material properties as the segmented mirror, was selected as the baseline for the bending stiffness in the parameter studies since it approximated the bending stiffness of the equivalent monolith and could be calculated theoretically.) Infinitely stiff discrete connections and the equivalent monolith were also evaluated. The results of these studies are shown in Figure 7 . 
The addition of discrete damping
Finally, to investigate whether the discrete damping could affect the disturbance response, a full transient dynamic analysis was performed. The disturbance was modeled as an impulse to one of the support nodes, and the mirror response was evaluated using the root-mean-square (RMS) wavefront error, which measures how much of the mirror surface is perturbed at any given time. The time history for a sample segmented mirror is shown in Figure 8 . Figure 8 . The disturbance response for a sample segmented mirror is shown. From this plot, it is clear that the discrete damping of the flux-pinning mechanisms can significantly improve the disturbance response, reducing the number of vibrating frequencies and damping out the vibrations in a reasonable amount of time.
DISCUSSION
The effect of segmentation on the mode shapes
As shown in Figure 6 , the act of replacing the continuous connectivity of a monolithic mirror with discrete edge connections does affect the mode shapes. For the monolithic mirror, the contours are curved, indicating that the mirror bends as a whole. For the segmented mirror, however, the contours are straight across the segments, indicating that the segments move as rigid bodies rather than bending. This effect is to be expected, since the discretely connected edges are less stiff than continuously connected edges, even though the individual connections are infinitely stiff. As the number of mechanisms increases, so does the amount of connectivity, and in the limit that the number of mechanisms goes to infinity, the discrete connectivity of the segmented mirror approaches the continuous connectivity of the monolithic mirror. As a result, the mode shapes of the segmented mirror approach those of the monolithic mirror as the number of mechanisms increases.
Mechanism properties and the natural frequency
The design curves in Figure 7 illustrate a number of trends. First, the infinite stiffness curves show that simply replacing the continuously connected edges of the monolith with discretely connected edges lowers the natural frequency. This effect is to be expected, since the discretely connected edges are less stiff than the continuously connected edges. As the number of mechanisms increases, the connectivity approaches that of a monolith, and the natural frequency asymptotes to the monolithic frequency.
For each of the finite stiffness cases, increasing the number of mechanisms increases the total spring constant and the connectivity, both of which increase the edge stiffness. As a result, the natural frequency increases. Similarly, for a fixed number of mechanisms, increasing the mechanism spring constant increases the total spring constant, leading to a higher natural frequency. Since this is true for any mechanism number, the curves never intersect. However, the curves do cluster as mechanism number or spring constant increases; since the natural frequency is proportional to the square root of the stiffness, the effect of increasing the spring constant diminishes, and as the number of connections increases, the connectivity approaches that of a monolith.
From a mechanism design standpoint, the clustering of the 25%, 50%, 100%, and 200% curves is particularly interesting. When at least three mechanisms are used, the natural frequencies are all within 10% of the frequency for the 100% stiffness case. This clustering suggests that aggressively increasing the bending stiffness may not be necessary or worthwhile, especially if significant cost is involved.
The effect of discrete damping
From Figure 8 , it is clear that the discrete damping inherent in a flux-pinning mechanism can produce a noticeable improvement in the disturbance response of a segmented mirror. In this example, the number of vibrating frequencies is reduced within the first half-second, and the mirror settles within a reasonable amount of time. However, since these results were simulated with an arbitrarily chosen damping, measurements would be needed in order to simulate the response of an actual mirror.
CONCLUSIONS
To examine the feasibility of using mechanisms analogous to damped springs to assemble the segments of a largeaperture primary mirror, the parametric ANSYS model presented in this paper has been used to compare the mode shapes, natural frequencies, and disturbance response of a mirror with flux-pinned segments to those of the equivalent monolithic mirror. Based on these parameter studies, it seems plausible that the flux-pinning mechanisms can create a segmented mirror with similar behavior as the monolith. However, fully investigating the effectiveness of a flux-pinning mechanism requires substituting actual stiffness and damping measurements into the model. The measurements vary depending upon the specific magnets and superconductors being used, and while there are numerous papers that present measurements for magnet-superconductor separations between 1 mm and 10 cm, 12, 13, 15 few present measurements for separations of less than 1mm, which more closely resembles the expected gap size between mirror segments. As a result, obtaining these measurements will be the subject of a future investigation.
While flux-pinning mechanisms may provide a viable means of assembling mirror segments, another intriguing possibility is the use of these mechanisms as a non-contact, cryogenic damper. Traditionally, it is challenging to add damping to a cryogenic space telescope; at such low temperatures, the material damping is negligible, and other common damping methods break down. 16, 17 A flux-pinning mechanism, on the other hand, requires cryogenic temperatures to operate, and it has the additional benefit of being a non-contact mechanism. The amount of damping can also be adjusted by placing nonmagnetic conductive metals, such as aluminum, near the magnet-superconductor interface. 15 To examine this application, damping measurements are required, which will be the subject of a future paper.
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